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We report on the fabrication and characterization of nanopatterned dc SQUIDs with grain bound-
ary Josephson junctions based on heteroepitaxially grown YBa2Cu3O7 (YBCO)/ SiTrO3 (STO)
superlattices on STO bicrystal substrates. Nanopatterning is performed by Ga focused-ion-beam
milling. The electric transport properties and thermal white flux noise of superlattice nanoSQUIDs
are comparable to single layer YBCO devices on STO bicrystals. However, we find that the super-
lattice nanoSQUIDs have more than an order of magnitude smaller low-frequency excess flux noise,
with root-mean-square spectral density S
1/2
Φ ∼ 5 − 6µΦ0/
√
Hz at 1 Hz (Φ0 is the magnetic flux
quantum). We attribute this improvement to an improved microstructure at the grain boundaries
forming the Josephson junctions in our YBCO nanoSQUDs.
PACS numbers: 85.25.CP, 85.25.Dq, 74.78.Na, 74.72.-h 74.25.F- 74.40.De
I. INTRODUCTION
Strongly miniaturized direct current (dc) supercon-
ducting quantum interference devices (SQUIDs) with
dimensions in the submicrometer range (nanoSQUIDs)
are promising devices for the sensitive detection and in-
vestigation of small spin systems, as they can be used
for direct detection of the magnetization reversal of in-
dividual magnetic nanoparticles (MNPs), nanotubes or
nanowires1–10 and for high-resolution scanning SQUID
microscopy11–20. The vast majority of nanoSQUIDs de-
veloped during the last decade are based on metallic
superconductors, for which their operation temperature
is limited by their transition temperature Tc to below
∼ 10 K. Furthermore, metallic low-Tc superconductors
typically have upper critical fields Bc2 below 1 T, which
also limits the magnetic field range in which nanoSQUIDs
based on them can be operated13,21. As an alterna-
tive, the high-Tc cuprate superconductor YBa2Cu3O7
(YBCO), with Tc ∼ 92 K and Bc2 well above 10 T offers
the use of YBCO nanoSQUIDs for applications within a
much wider range of temperature T and magnetic field
B, as compared to nanoSQUIDs based on conventional
metallic superconductors.
The fabrication of Josephson junctions (JJs) and
SQUIDs based on cuprate superconductors is demand-
ing, in particular due to the very small superconduct-
ing coherence length on the nanometer scale and con-
comitant high sensitivity of those materials to defects
on the atomic scale. YBCO micro- and nanoSQUIDs
are typically based on single layers of epitaxially grown
films, that are eventually covered with a metallic layer
(e.g. Au) for resistive shunting and protection during
nanopatterning7. Josephson junctions in such single layer
devices are based on constrictions (cJJs) with widths
down to ∼ 50 nm 22, that yield a root-mean-square (rms)
spectral density of flux noise S
1/2
Φ in the thermal white
noise limit down to < 450 nΦ0/Hz
1/2 at T = 18 K (Φ0
is the magnetic flux quantum)23. Another recently de-
veloped JJ type is based on creating Josephson barriers
in YBCO thin films via focused ion beam (FIB) irra-
diation with a He ion beam24. Sub-micron wide He-
FIB JJs25 and nanoSQUIDs26 have been realized, and
a rms flux noise in the thermal white noise limit down
to < 500 nΦ0/Hz
1/2 has been achieved at T = 4.2 K 27.
Furthermore, grain boundary (GB) Josephson junctions
(GBJJs), that are formed by epitaxial growth of YBCO
on a bicrystal substrate28, provide a well established ap-
proach for realizing YBCO nanoSQUIDs in single layer
devices. The use of Ga FIB milling enables one to fab-
ricate GBJJs down to 80 nm width29, and operation of
GBJJ based nanoSQUIDs up to B = 3 T 30 has been
demonstrated. The optimization of the SQUID layouts31
led to the demonstration of ultralow rms flux noise in
the thermal white noise limit down to ∼ 45 nΦ0/Hz1/2
at T = 4.2 K 32. For a MNP placed in 10 nm-distance
to a constriction in the SQUID loop, this corresponds to
a spin sensitivity of ∼ 3µB/Hz1/2 (µB is the Bohr mag-
neton). Such YBCO nanoSQUIDs with bicrystal GBJJs
have been used for the investigation of the magnetization
reversal of Fe and Co nanowires9,32 and Co MNPs8,10, in-
cluding e.g. the analysis of MNP switching fields over a
wide T range from 300 mK up to 80 K.
A significant drawback for high-Tc cuprate SQUIDs in
general is the very large amount of low-frequceny excess
noise, typically scaling with frequency f as SΦ ∝ 1/f
(1/f noise)33. The dominant source of 1/f noise comes
from critical current I0 fluctations due to localized de-
fects in the JJ barrier34, which can be several orders
of magnitude larger than for conventional Nb tunnel
junctions35–37. For YBCO nanoSQUIDs with ultralow
thermal white noise, this excess noise can dominate the
spectral density of flux noise up to high frequencies in
the MHz range23,32. An established procedure to sup-
press this 1/f noise contribution from I0 fluctuations in
dc SQUIDs is the application of bias reversal schemes
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2(including proper modulation of flux bias), which sup-
presses 1/f noise below the applied bias reversal fre-
quency fbr
38,39. However, applying such schemes to
YBCO nanoSQUIDs is a particular challenge for the
SQUID readout electronics and nanoSQUID design, be-
cause very large fbr is required, and the required modu-
lation of the flux bias points at fbr is difficult to achieve
due to the small SQUID inductance L and concomitantly
small mutual inductance M between a nanoSQUID and
the flux modulation line.
We further note that the flux noise spectrum of
YBCO nanoSQUIDs often shows a superposition of a few
Lorentzians rather than a pure 1/f spectrum, which can
be explained by the relatively small number of dominat-
ing defects in JJs with small size23,32. In addition we
find excess 1/f noise in our GBJJ YBCO nanoSQUIDs,
which has been attributed to the fluctuations of spins of
unknown origin, most likely due to defects at the sub-
strate/YBCO interface or at the edges of the nanopat-
terned structures32. Another open issue is the unclear
origin of strong 1/f noise in YBCO nanoSQUIDs based
on cJJs. For those devices, this excess noise has been
also attributed to I0 fluctuations, although, there is no
barrier in such nanowires23.
Obviously, the strong low-frequency excess noise in
YBCO nanoSQUIDs has to be related to the defect struc-
ture in the GB barrier or in the YBCO films form-
ing cJJs, together with possible contributions from the
YBCO/substrate interface or damaged edges. Apart
from optimizing thin film growth by introducing suit-
able buffer or cap layers40–42, a possible solution to this
problem may be the growth of multilayers (superlattices),
involving epitaxially grown interlayers between YBCO
films43, to interrupt the growth of extended defects in
YBCO. Such a multilayer or superlattice approach has
been successfully used to significantly enhance the crit-
ical current density in YBCO films44–47, in particular
for thick films developed for high-current applications.
Accordingly, the focus within this approch was on ba-
sic studies and on the improvement of pinning properties
of YBCO films, often by deliberately introducing a high
density of defects. Studies on 1/f flux noise in YBCO
thin films and SQUIDs based on them, also indicated pos-
sible improvements via improved pinning properties33.
However, so far, there is no information on the possible
modification (improvement or deterioration) of 1/f noise
from I0 fluctuations in YBCO JJs and SQUIDs based
on them, induced by the implementation of superlattice
structures into the devices.
In this work, we report on the fabrication and proper-
ties of YBCO nanoSQUIDs that are based on a heteroepi-
taxial YBCO/STO superlattice, grown on a STO bicrys-
tal substrate. The comparison with single layer YBCO
devices of similar geometry shows, that the superlattice
nanoSQUIDs yield comparable electric transport proper-
ties and comparable upper bounds to the flux noise in
the thermal white noise limit. Regarding low-frequency
excess noise, however, we find a strong reduction of the
low-frequency noise in the superlattice nanoSQUIDs by
more than one order of magnitude in rms flux noise at
1 Hz.
II. DEVICE FABRICATION AND LAYOUT
We first fabricated very thin c-axis oriented epitax-
ial single layer YBCO thin films by pulsed laser deposi-
tion (PLD) on (100)-oriented SrTiO3 (STO) single crys-
tal substrates. For films of thickness dY = 7, 17, 23
and 31 nm, we find Tc = 61, 81, 83 and 84 K, respec-
tively (via inductive Tc measurements). Based on those
results, we decided to fabricate multilayer (superlattice)
devices with dY ≈ 30 nm per YBCO layer, to ensure a
high enough Tc.
We used PLD to grow an epitaxial YBCO/STO su-
perlattice on a STO bicrystal substrate with a symmetric
(±12◦) [001]-tilt grain boundary (GB), i.e., with a misori-
entation angle 2θ = 24◦ (θ = 12◦). The multilayer con-
sists of a stack of four c-axis oriented YBCO layers with
dY ≈ 30 nm thickness per layer, separated by three STO
interlayers with 3 nm thickness per layer. The choice of
the total YBCO thickness d = 4dY ≈ 120 nm is based on
an optimization study, that revealed optimum spin sen-
sitivity for this choice of d.31 For all layers, we used the
same deposition parameters (substrate temperature Ts =
800 ◦C and oxygen partial pressure pO2 = 0.2 mbar). For
details of the growth process of our YBCO thin films on
STO and of their structural and electric transport prop-
erties see e.g. Refs. [30, 48, and 49]. An in-situ evap-
orated 65-nm-thick Au layer on top of the YBCO/STO
superlattice serves as a resistive shunt to provide nonhys-
teretic current-voltage characteristics (IVCs) of the grain
boundary junctions formed in YBCO and as a protection
layer during Ga FIB nanopatterning.29,50
For the characterization of the crystalline quality of the
unpatterned YBCO/STO multilayer, we performed x-ray
diffraction (XRD) using a 4-circle PhilipsX’Pert diffrac-
tometer. Fig. 1(a) shows a Θ−2Θ scan, indicating single
phase c-axis oriented YBCO films. The ω scan (rocking
curve), shown in the inset of Fig. 1(a), yields good aling-
ment of the c-axis perpendicular to the substrate plane,
with full-width-half-maximum (FWHM) ∼ 0.16◦. From
the position of the YBCO (005) peak we extract a c-axis
lattice constant of 11.69 A˚, which is close to the value of
fully oxygenated unstrained YBCO51. Fig. 1(b) shows a
YBCO (103) ϕ-scan with diffraction peaks at 0◦ ± (θ),
90◦ ± (θ), 180◦ ± (θ) and 360◦ ± (θ), reflecting the
fourfold symmetry of the crystal lattice and rotation of
the crystallographic axes by ±θ across the GB. No other
peaks can be detected, which confirms in-plane epitax-
ial growth just according to the orientation of the STO
bicrystal without misaligned grains.
After charactierization of the unpatterned
YBCO/STO multilayer, we used photolithography
and Ar ion milling to prepattern 16 microbridges
straddling the grain boundary to create 8µm wide
3FIG. 1. XRD data of the unpatterned YBCO/STO superlat-
tice on a STO bicrystal substrate. (a) Θ − 2Θ scan, show-
ing YBCO (00`) Bragg peaks. Inset shows rocking curve of
the (005) peak. (b) YBCO (103) plane XRD ϕ-scan. Black
and red indicate diffraction peaks from the two grains of the
bicrystal.
GBJJs; those will be referred to as JJ-1 to JJ-16.28
Those bridges are connected to several-mm long and
few-100µm wide contact pads onto which Al wires
are bonded as voltage and current leads for 4-point
measurements.50 Subsequently, YBCO nanoSQUIDs
with similar sizes are nanopatterned into some of the
8µm-wide GBJJs by FIB milling with 30-keV Ga ions
in a dual-beam FIB system.
Fig. 2 shows scanning electron microscopy (SEM) im-
ages of two YBCO/STO multilayer nanoSQUIDs SQ-14
and SQ-15, nanopatterned into JJ-14 and JJ-15, respec-
tively. At the position where the GB crosses the micro-
bridge, the Ga FIB is used to define two sub-µm-wide
GBJJs with width wJi (i = 1, 2) and to mill the SQUID
hole with size ∼ `J × `c. In addition, we use the Ga FIB
to cut a slit perpendicular to the GB (from the right in
Fig. 2) towards the GB, to produce a constriction with
width wc in the SQUID loop. By applying a modulation
current Imod through the constriction (indicated as ar-
rows in Fig. 2(a)), the magnetic flux Φ in the SQUID can
be modulated, to ensure SQUID operation at optimum
flux bias and to perform SQUID readout in a flux-locked
loop (FLL).39 For measurements of magnetization rever-
sal of individual MNPs, placing the MNP on top of the
FIG. 2. SEM images of YBCO/STO superlattice
nanoSQUIDs, covered with Au. The grain boundary (not
visible) runs from top to bottom and intersects the SQUID
hole to form two JJs (∼ 250 − 320 nm wide). Arrows in (a)
indicate the geometric parameters as listed in Table I and the
modulation current Imod that is used to flux-bias the SQUID.
constriction also provides optimum coupling of signal to
the nanoSQUID.7,8
On JJ-15 we determined from resistance vs T measure-
ment Tc = 87.2 K, with a transition width ∆Tc ≈ 0.8 K.
For SQ-15 (nanopatterned into JJ-15), we determined es-
sentially unchanged Tc and ∆Tc after FIB patterning.
III. TRANSPORT AND NOISE PROPERTIES
OF SUPERLATTICE JJS AND NANOSQUIDS
In this section, we present and discuss electric trans-
port and noise properties measured in liquid Helium at
T = 4.2 K in an electrically and magnetically shielded
environment. We focus on two fabricated YBCO/STO
superlattice nanoSQUIDs, SQ-14 and SQ-15, which were
FIB-patterned from JJ-14 and JJ-15, respectively. For
comparison we also show data for a single layer (SL)
120 nm-thick YBCO nanoSQUID (SQ-SL), also with a
65 nm-thick Au layer on top, with comparable lateral ge-
ometry. This SL nanoSQUID was FIB-patterned from
the 8µm-wide JJ-SL, also on a STO bicrystal substrate
with misorientation angle 2θ = 24 ◦.
The IVCs of JJ-14 and JJ-15, measured before FIB
patterning, are shown in Fig. 3. Those were recorded
in zero applied magnetic field (H = 0). The IVCs have
4FIG. 3. IVCs (at T = 4.2 K and H = 0) of 8-µm-wide GB-
JJs in a YBCO/STO superlattice (JJ-14 and JJ-15) and in a
single layer YBCO film (JJ-SL), all with Au on top.
the typical shape described by the resistively and capaci-
tively shunted junction (RCSJ) model,52,53 without hys-
teresis. We note that the 8µm-wide JJs are in the long
junction limit, as also revealed by Ic(H) measurements
(not shown). The Ic(H) curves show a slight asymmetry,
which means that the maximum critical current Ic,max is
not reached exactly at H = 0; this is the reason for the
slight asymmetries in the IVCs (different critical current
for opposite polarity). Hence, the Ic,max values quoted
in Table I have been obtained from the maxima of the
Ic(H) patterns. Values of Ic,max for both JJs are around
3 mA. Converting this into a critical current density jc,
by dividing by the JJ width (8µm) and total YBCO film
tickness (120 nm) yields jc ≈ 3×105 A/cm2 (see also Ta-
ble I). This is a typical value which we obtain for YBCO
GBJJs of similar size, made from single layer films29,50
and hence indicates, that the current flowing through
the JJs is distributed across all four YBCO layers in the
superlattice. This observation is also consistent with mi-
crostructural studies on YBCO/STO superlattices with
3 nm-thick STO layers, which showed discontinuities in
the very thin STO layers54.
With a measured resistance Rn ∼ 0.1 Ω (which is dom-
inated by the shunting Au layer50) for the two JJs, we ob-
tain a characteristic voltage Vc = Ic,maxRn ∼ 0.3 mV (see
also Table I); this is at the lower end of the range of values
of Vc that we observe for single layer YBCO nanoSQUIDs
based on GBJJs on STO bicrystal substrates.31 For com-
parison, the IVC of JJ-SL is also shown in Fig. 3; this
device indeed has similar values for Ic, Rn and Vc; c.f. Ta-
ble I. We note that values of Ic,max and Rn for the other
8µm-wide JJs on the same chip with the YBCO/STO
superlattice are very similar to JJ-14 and JJ-15.
Fig. 4 shows IVCs of superlattice nanoSQUIDs SQ-
14 and SQ-15 and, for comparison, the IVC of the sin-
gle layer nanoSQUID SQ-SL with comparable geometry.
For those measurements, Imod has been adjusted to yield
maximum critical current Ic,max (solid lines) and mini-
mum critical current Ic,min (dashed lines) on the positive
FIG. 4. IVCs of superlattice SQUIDs (SQ-14 and SQ-15) and
single layer SQUID (SQ-SL). Solid (dashed) lines are recorded
with Imod adjusted to obtain maximum (minimum) critical
current Ic,max for I > 0.
branches.
Geometric and electrical parameters for all three
SQUIDs are summarized in Table I, together with pa-
rameters from the JJs obtained before nanoSQUID pat-
terning. Also after FIB nanopatterning, we find nonhys-
teretic RCSJ-type IVCs, with values for Ic,max, Rn and
Vc which are comparable to GBJJ nanoSQUIDs from sin-
gle layer YBCO films with similar geometry.50 We note
that we observe for all nanoSQUIDs slightly larger jc and
Vc values, as compared to those obtained from the 8µm-
wide JJs. This is typical for all our YBCO nanoSQUIDs
(see e.g. Ref. 29), and we attribute this to the fact, that
the inhomogeneity of the GB (e.g. due to faceting28) is
slightly reduced upon reducing the JJ width to the deep
sub-µm regime.
Fig. 5 shows critical current Ic vs Imod oscillations of all
three nanoSQUIDs. From the modulation period Imod,0
we determine the mutual inductance M = Φ0/Imod,0.
Obviously, the mutual inductance for SQ-14 is more than
a factor of two larger than for SQ-15, while SQ-SL has
FIG. 5. Critical current Ic vs. Imod of multilayer SQUIDs
(SQ-14 and SQ-15) and single layer SQUID (SQ-SL) for both
bias current polarities.
5TABLE I. Summary of geometric and electric parameters of 8µ-wide JJs and nanoSQUIDs as defined in the text. JJ-14 and
JJ-15 are based on YBCO/STO superlattices, from which SQ-14 and SQ-15 was nanopatterned, respectively. JJ-SL is based
on a single layer of YBCO, from which SQ-SL was nanopatterned. For all devices the total YBCO thickness is 120 nm and the
Au layer on top is 65 nm thick.
device wJ1 wJ2 wc `c `J Ic,max Rn Vc jc Ic,min Imod,0 M L βL
(nm) (nm) (nm) (nm) (nm) (mA) (Ω) (mV) (105 A/cm2) (mA) (mA) (pH) (pH)
JJ-14 3.2 0.091 0.29 3.3
JJ-15 3.3 0.098 0.32 3.4
JJ-SL 3.4 0.07 0.23 3.5
SQ-14 280 320 180 250 500 0.42 0.82 0.34 5.9 0.26 0.90 2.3 7.1 1.5
SQ-15 250 280 280 200 400 0.29 1.28 0.37 4.5 0.12 2.19 1.0 4.9 0.7
SQ-SL 280 290 300 350 400 0.20 1.68 0.34 3.0 0.12 1.24 1.7 12 1.2
a value of M inbetween. This observation is consistent
with the different values for the constriction width wc
(cf. Table I and Fig. 2). We find that a narrower con-
striction yields a larger M . This is also supported by
inductance calculations based on simulations of the su-
percurrrent density distribution in our nanoSQUIDs via
the software 3D-MLSI, which solves the London equa-
tion in 2-dimensional current sheets31,55,56. A larger M
is beneficial, as it relaxes requirements (maximum feed-
back and modulation currents) on the SQUID readout
electronics for FLL operation and as it also improves the
coupling between a MNP and a nanoSQUID, resulting in
improved spin sensitivity.
To obtain a rough estimate of the inductance L of
the nanoSQUIDs, we determine the screening parame-
ter βL ≡ 2LI0/Φ0 from the modulation depth ∆Ic ≡
Ic,max − Ic,min of the Ic(Imod) oscillations. Into the def-
inition of βL enters the noise free critical current I0 of
the JJs. In the case of negligible noise rounding, as
applicable to our devices at 4.2 K (cf. Fig. 4), we can
replace 2I0 by Ic,max. Then, by using the dependence
∆Ic/Ic,max(βL) derived from numerical simulations for
symmetric dc SQUIDs in the noise-free case, we deter-
mine βL values as listed in Table I and which are close
to the value βL ≈ 1 for optimum flux noise57,58. From
the estimated values for βL and the measured values for
Ic,max we then obtain the values for L as listed in Table
I. For the superlattice nanoSQUIDs we obtain values of
L below 10 pH. Achieving such a small inductance is im-
portant for obtaining very low values of flux noise for the
nanoSQUIDs in the thermal white noise limit well below
S
1/2
Φ = 1µΦ0/Hz
1/2.
We note that all Ic(Imod) curves in Fig. 5 show a clear
asymmetry. This is visible as a shift of the patterns along
the Imod axis in opposite direction for opposite current
polarities and a skewness of the Ic(Imod) curves, which
can arise from asymmetries in the critical currents of the
two JJs and from inductance asymmetry57,58. These ob-
servations are consistent with the slight asymmetry in the
widths of the JJs, inducing a critical current asymmetry,
and with the fact that the constrictions in the SQUIDs
induce an inductance asymmetry.
Fig. 6 shows V(Imod) oscillations of SQ-15, measured
at different bias currents. The shift of those curves along
the Imod axis for opposite bias current polarity is consis-
tent with the concomitant shift in the Ic(Imod) pattern
for SQ-15 shown in Fig. 5. Moreover, the maxima in
V(Imod) are slightly shifting along the Imod axis with in-
creasing bias current, which is consistent with a small in-
ductance asymmetry, as discussed above. We only show
here V(Imod) oscillations for SQ-15; however, the same
features are also present for SQ-14 and SQ-SL.
Finally, we discuss the flux noise of the superlattice
YBCO nanoSQUIDs, which has been measured in FLL
mode. Fig. 7(a) shows the rms spectral density of flux
noise S
1/2
Φ (f) of SQ14 and SQ-15 measured with dc bias
and with bias reversal at frequency fbr = 20 kHz. In the
bias reversal mode, the contribution of critical current
fluctuations to low-frequency excess noise is removed be-
low fbr.
39 We note that we do not reach the thermal white
noise regime even at the highest frequency of 100 kHz
up to which we performed measurements. Hence the
rms flux noise values S
1/2
Φ (100 kHz) = 244 nΦ0/Hz
1/2 for
FIG. 6. Voltage-flux characteristics V (Imod) of SQ-15 at dif-
ferent bias currents Ib from 133 to 360µA in ∼ 19µA steps
(for both polarities).
6FIG. 7. Rms spectral density of flux noise S
1/2
Φ (f) measured
in FLL mode: (a) data for SQ-14 and SQ-15, measured with
dc bias and bias reversal (fbr = 20 kHz). (b) dc bias readout
data of SQ-14, SQ-15, together with SQ-SL and SQ-SL2 on
an expanded scale for S
1/2
Φ and f .
SQ-14 and 104 nΦ0/Hz
1/2 for SQ-15 (with dc bias read-
out) are upper bounds for the thermal white noise limit.
Those are comparable to the best values for the flux noise
at high frequencies obtained for YBCO nanoSQUIDs
based on GBJJs in single layer devices.32,50
Most importantly, with dc bias readout we obtain at
f = 1 Hz values S
1/2
Φ (1 Hz) = 6.5µΦ0/Hz
1/2 for SQ-14
and 4.9µΦ0/Hz
1/2 for SQ-15. Those values are more
than an order of magnitude lower than what we obtained
so far for single layer YBCO nanoSQUIDs on STO bicrys-
tal substrates32, and they are comparable to the values
for single layer YBCO nanoSQUIDs on MgO bicrystal
substrates, as reported very recently.50 To illustrate this
observation, we show in 7(b) again the rms flux noise
measured in dc bias mode for SQ-14 and SQ-15, now to-
gether with noise data for the single layer devices SQ-SL
and SQ-SL2. The latter has also been fabricated on an
STO bicrystal substrate with an Au layer on top. SQ-SL2
has been reported earlier to show the so far lowest flux
noise of ∼ 45 nΦ0/Hz1/2 in the thermal white noise limit
(at very high frequency > 7 MHz) for any of our YBCO
nanoSQUIDs32. The flux noise at f = 1 Hz for both sin-
gle layer devices shown in Fig. 7(b) is ∼ 80µΦ0/Hz1/2.
This observation shows, that the use of YBCO/STO su-
perlattices instead of YBCO single layer films can signifi-
cantly reduce 1/f noise in YBCO nanoSQUIDs based on
GBJJs.
The noise spectra for SQ-14 and SQ-15 in bias rever-
sal mode yield a significant improvement of S
1/2
Φ (1 Hz)
over dc bias readout, for SQ-15 even below 1µΦ0/Hz
1/2
[cf. Fig. 7(a)]. This shows, that I0 fluctutations in the
GBJJ barriers are the major source of low-frequency
excess noise in our devices, stemming from defects in
the barriers. Hence, we conclude that the significantly
reduced low-frequency excess noise in the YBCO/STO
superlattice nanoSQUIDs is most likely due to an im-
proved quality of the grain boundary, as compared to
single layer YBCO nanoSQUIDs. Finally, we note that
we still see low-frequency excess noise even with bias re-
versal readout. This issue has been addressed already in
Ref. 32, where we attributed this to possible contribu-
tions from fluctuating spins in the substrate close to the
STO/YBCO interface.
IV. CONCLUSIONS
We have fabricated YBCO dc nanoSQUIDs from a
YBCO/STO superlattice, consisting of four 30 nm-thick
individual YBCO layers, separated by 3 nm-thick STO
layers. The superlattice is grown heteroepitaxially on a
STO bicrystal substrate with 24 ◦ misorientation angle,
and covered with 65 nm-thick Au on top, as a resistive
shunt and for protection during Ga FIB milling. The
characterization of crystalline film quality and measure-
ment of the electric transport properties before and after
Ga FIB nanopatterning shows that the superlattice de-
vices have comparable quality as for single layer devices
with the same total YBCO fillm thickness. Also the mea-
sured noise properties in the thermal withe noise limit are
similar for single layer and superlattice devices. This is
in strong constrast to the observed low-frequency excess
noise: superlattice devices yield more than one order of
magnitude lower noise at 1 Hz as compared to single layer
devices.
Because the low-frequency excess noise is dominated
by fluctuations of the critical current I0 in the grain
boundary Josephson junctions, we attribute the im-
proved low-frequency noise performance of the superlat-
tice nanoSQUIDs to an improved microstructure of the
grain boundaries forming the Josephson junctions. How-
ever, so far we have no direct information on the mi-
crostructure at the grain boundaries in our superlattices.
One possible reason for the improvement might be due to
reduced facetting28 of the grain boundaries. Certainly, a
clarification of this issue, or of other possible modifica-
tions in the defect structure of the grain boundaries, that
are induced by inserting STO interlayers in the YBCO
films, is required in future studies.
In any case, the achieved improvement in low-
frequency excess noise in YBCO nanoSQUIDs provides
the opportunity to realize ultrasensitive devices for scan-
ning SQUID microscopy and for the investigation of
7magnetization reversal processes in individual magnetic
nanosystems, by utilizing already achievable ultralow lev-
els of white noise and expand those on the frequency scale
down to well below the MHz range. Moreover, the super-
lattice approach may also be helpful to improve the low-
frequency noise performance of other devices, e.g. sen-
sitive SQUID magnetometers, that are based on grain
boundaries. It remains to be shown, whether this su-
perlattice approach could also improve the low-frequency
excess noise in YBCO nanoSQUIDs based on nanowires
(constriction junctions).
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